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Stimulation of prostaglandin production in rat glomerular epithelial
cells by antidiuretic hormone. Prostacyclin (P012) and prostaglandin E2
(PGE2) production by rat glomerular epithelial cells in culture were
stimulated by arginine vasopressin (AVP) over a dose range of lO to
lO_6 M, but only if the cells were allowed to recover from trypsin
treatment. The effect of AVP was related to its pressor activity since the
antidiuretic analogue of AVP, I-deamino-8-D-Arg-vasopressin
(dDAVP) had no effect. Angiotensin II and kallidin (lysyl-bradykinin)
did not affect prostaglandin production by these cells. The stimulatory
effect of AVP on arachidonate metabolism was inhibited by the calcium
channel antagonist, nifedipine, in a dose-dependent fashion suggesting
that cellular uptake of calcium was required.
Stimulation de Ia production de prostaglandines dans des cellules
glomérulaires épithéliales de rat par l'hormone anti-diuretique. La
production de prostacyclines (P0!2) et prostaglandines E2 (PGE2) par
des cellules épithéliales glomérulaires de rat en culture était stimulde
par l'arginine vasopressive (AVP) a des concentrations comprises entre
l0 et 1O6 M, mais seulement si les cellules pouvaient récupérer du
traitement par Ia trypsine. L'effet de AVP était relié a son activité
pressive, puisque l'analogue antidiurétique de I'AVP, Ia l-déamino-8-
D-Arg-vasopressine (dDAVP) n'avait pas d'effet. L'angiotensine LI et Ia
kallidine (lysyl-bradikinine) n'affectaient pas Ia production de prosta-
glandines par ces cellules. L'effet stimulateur de I'AVP sur Ic métabo-
lisme de l'arachidonate était inhibé par Ia nifédipine, un antagoniste des
canaux calciques, d'une facon dose-dépendante, suggerant que Ia
captation cellulaire du calcium dtait nécessaire.
Prostaglandin production by isolated rat glomeruli has been
demonstrated using both chromatographic and radioim-
munoassay techniques [1—31. While the physiologic importance
of glomerular prostaglandins is not fully established, there is
evidence that they play a role in the control of renal vascular
resistance [4—6], glomerular filtration (by effects on the glomer-
ular ultrafiltration coefficient of Kt) [7], and renin production
18].
It has become apparent that the determinants of glomerular
filtration are influenced by complex interactions between the
prostaglandin system and other hormones such as angiotensin
II, antidiuretic hormone (ADH), and kinins [71. All three
peptide hormones are capable of increasing prostaglandin pro-
duction by stimulating the release of arachidonic acid from
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cellular phospholipids. Some observations suggest that these
peptides stimulate arachidonic acid release by increasing cellu-
lar calcium concentrations [9].
The pattern of prostaglandin production by cloned, homoge-
neous cultures of rat glomerular epithelial and mesangial cells
has been described [10]. Glomerular epithelial cells when used
between passages 6 and 10, produce predominantly prostacy-
din as well as smaller amounts of PGF2,. and PGE2. In the
present study we examined the effect of angiotensin II, argi-
nine-vasopressin (AVP), and kallidin on prostaglandin produc-
tion by late-passaged glomerular epithelial cells in culture. If the
cells were allowed to recover from trypsin treatment (for
example, by cell growth), AVP stimulated a marked, dose-
dependent increase in prostacyclin and PGE2 production. Incu-
bation with angiotensin II and kallidin had no effect. The effect
of AVP on prostaglandin production appeared to be mediated
by an increase in cellular calcium concentration since it was
inhibited by the calcium channel antagonist, nifedipine.
Methods
The procedure used for isolating homogenous populations of
rat glomerular epithelial cells has been previously described
[10]. In the experiments reported here, rat kidney epithelial
cells were grown by monolayer tissue culture in 100 x 20 mm
dishes (Falcon, Oxnard, California) using Eagle's minimal
essential medium (MEM) containing 2 mivi L-glutamine
(MEM) and supplemented with 10% (v/v) fetal bovine serum.
Exponentially growing cells (late passaged cells) were used in
all experiments. Cells treated with trypsin-EDTA (0.25%) were
seeded at 1 x l0 or 5 x i0 cells per 35 mm tissue culture
dishes (Falcon) in 1 milliliter of the serum-supplemented medi-
um, and used the next day, or cultured for 3 days (as stated in
Results). The media were then removed, and each dish was
washed twice with 1 ml of MEM containing penicillin (250
U/mi) plus streptomycin (250 g/ml). One milliliter of MEM
containing the experimental substances was then added to the
cells, and the cells were incubated at 37°C, in an atmosphere of
95% air and 5% CO2 for 18 hr. The conditioned culture media
were then collected and assayed for prostaglandin production
by radioimmunoassay.
Culture fluids were analyzed by radioimmunoassay for pros-
taglandin E2 and '2 (measured as 6-keto-PGF1a) [10]. The
serologic specificities, as measured by the inhibition of the
homologous binding used in the radioimmunoassay, are as
follows: (1) in the 6-keto-PGF1a system, PGF1,,, PGF, PGE2,
and POD2 reacted less than 0.1%; (2) anti-PGE2 reacted 0.02%
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with 6-keto-PGF1a. The glomerular epithelial cells originally
[10] were cloned, that is, suspensions from outgrowths of whole
glomeruli were diluted with a sufficient volume of medium to
permit the addition of single cells to dishes. When colonies of
cells formed, they were isolated and passaged using small
cylinders to keep the colonies separate; glomerular epithelial
cells had cilia on their surface, formed junctional complexes in
vitro, and were injured when exposed to the aminonucleoside of
puromycin and nephrotoxic serum; they had receptors for C3b
as do human glomerular epithelial cells. In all experiments the
media before and after incubation in the absence of cells were
used as controls for nonspecific interference in the radioim-
munoassay. Interference was not observed. Nifedipine was
obtained from Pfizer, New York, New York. Stock solutions,
(29 mM) in dimethysulfoxide (DMSO), were made for each
experiment. Experimental manipulations for the tissue culture
were performed in the absence of light and the solutions were
wrapped in aluminum foil. The nifedipine was diluted into
minimal essential medium to a concentration of 70 tM. Insolu-
bility in the 70 M nifedipine solution in minimal essential
medium was not observed. The presence of 0.25% DMSO
increases the solubility of nifedipine in the minimal essential
medium. The vehicle, 0.25% DMSO, had no effect on prosta-
glandin production by the cells.
The peptide hormones and their analogues were purchased
from Vega Biochemicals, Tucson, Arizona.
All data are expressed as the mean SEM. Comparisons
between basal and stimulated rates of prostaglandin synthesis
are made using the unpaired Student's t test.
Results
The effect of a number of agonists on prostacyclin production
by glomerular epithelial cells, plated at 1 x 1O5 cells per 35 mm
culture dish, is shown in Table 1. The calcium ionophore,
A23 187, and melittin resulted in marked stimulation of prosta-
cyclin production (measured as 6-keto-PGF1a). Arginine-8-
vasopressin (AVP) had no effect on prostaglandin production.
Prostaglandin production by glomerular epithelial cells plated at
the same density as the previous experiment (1 x l0 cells per
75 mm dish) but cultured for 3 additional days to a cell density
of 5 x l0 cells per 35 mm culture dish was stimulated by AVP
(Table 2). Thus, AVP had no effect on the cells plated at 1 x l0
cells per 35 mm dish after trypsin treatment but did stimulate
prostaglandin production in cells plated at the same density and
allowed to undergo two generations. To determine whether the
response to AVP was due to the cell density at the time of the
experiment, the glomerular epithelial cells, after trypsin treat-
ment, were plated at high density (5 x l0 cells per 35 mm dish)
and the effect of agonists was tested the following day. Again,
AVP had no effect on prostaglandin production by the cells
used after trypsin treatment although the number of cells
present per dish at the end of the experimental period (4.9
0.03 x l0) was comparable to the number found when the cells
were plated at I x l0 and grown for 3 days (5.4 0.02 X l0)
(P> 0.1). Norepinephrine, at 60 M, also significantly stimulat-
ed 6-keto-PGF1a after recovery from the trypsin treatment; but
this stimulation was so small and the concentration of norepi-
nephrine was so high (Table 1), that its effect was not studied
further. The selective antidiuretic peptide l-deamino-8-D-Arg-
vasopressin (dDAVP) used at comparable doses to AVP had no
Table 1. Prostaglandin production by rat glomerular epithelial cells
plated at I x l0 cells per 35 mm dish and used the next day
6-Keto-PGF1
nglmlaStimulant
None (MEM-) — 0.64 0.14
A23187 5.0 4.3 0.8"
Melittin 1.8 3.75 0.4"
AVP 1.0 0.59 0.08
Lysyl-bradykinin 0.85 0.76 0.07
Stimulant ng/ml'
Plated at I x io cells/35 mm culture dish (but cultured for 3 days to
a density of 5 x l0 cells/35 mm dish)
None (MEM) — 1.20 0.13 (13)" 0.9
A23187 5.0 31.2 6.5 (3)'
Melittin 1.8 29.0 1.2 (3)'
AVP 1.0 13.6 1.5 (6)' 5
Angiotensin II 1.0 1.86 0.23 (9)
DDAVP 0.85 1.41 0.11 (9)
Lysyl-bradykinin 0.85 1.40 0.17 (9)
Norepinephrine 60 2.3 0.15 (9)'
Plated at 5 x l0 cells/35 mm dish and used the next day
(MEM) — 1.3 0.04d
AVP 1.0 1.28 0.05d
Norepinephrine 60 1.15 0.08d
Angiotensin II 1.0 1.23 O.06d
a The values are the mean SEM.
b The numbers in parenthesis represent the number of culture dishes.
P < 0.01 compared to control (MEM—).
d The values in this subheading (nglml) are the mean SEM in
triplicate dishes.
effect on prostaglandin production. Angiotensin II and lysyl-
bradykinin (kallidin) also had no effect on prostaglandin produc-
tion (Table 2). It is possible that after 18 hr of incubation, the i-
6-keto-PGF1,, in the culture fluid is being metabolized to a
structure not recognized by the antiserum. Therefore, the
effects of AVP, angiotensin II, and lysyl-bradykinin on prosta-
glandin production were tested also after 60 mm of incubation.
Again, only stimulation by AVP was found.
The dose-dependent effect of AVP (over a range of l0 to
10-6 M) on prostaglandin production by glomerular epithelial
cells cultured for 3 days (from a cell density of I X 1O to S >< i05
cells per 35 mm dish) is shown in Figure 1. The lowest dose of
AVP found to stimulate prostaglandin synthesis (10 M) result-
ed in a twofold increase of both PGI2 and PGE2 production.
Maximal stimulation of prostaglandin production was obtained
with l0 M AVP.
The effect of increasing doses of the calcium channel antago-
nist, nifedipine, on prostaglandin production stimulated by
AVP (100 nM) is shown in Figure 2. Nifedipine inhibited the
AVP-stimulated PGI2 and PGE2 production in a dose-depen-
dent fashion. Nifedipine, at the highest concentration tested (70
jiM), did not affect basal production of PGI2 or PGE2 by
These data represent the mean and SEM of triplicate dishes.
bP < 0.005 compared to control (MEM).
Table 2. Prostaglandin production by rat glomerular epithelial cells
6-keto-PGF1, PGE2
0.06 (6)
.3 0.1 (3)'
1.11 0.05 (3)
1.07 0.04 (3)
0.97 0.04 (3)
1.23 0.04 (3)'
U-
0
f— (3)(3)
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Fig. 1.Effectof increasing doses ofAVPon production ofprostacyclin (6-keto-PGF1) (A) and PGE2 (B) by rat glomerular epithelial cells grown for3 days to a cell density of5 x 10I35 mm dish. Each point represents the mean SEM of3 to 12 culture dishes (the number for each point is given in
parentheses).
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Fig. 2. Inhibitory effect of increasing concentrations of nifedipine on 6-keto-PGF1, and PGE2 production sti,nulated by 100 nre A VP in glomerular
epithelial cells grown for 3 days to a cell density of 5 x 10/35 mm dish. Each point represents the mean SEM of three to six culture dishes (the
number for each point is given in parentheses).
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glomerular epithelial cells (6-keto-PGF1a: MEM 2.0 0.24
nglml: MEM + nifedipine 1.5 0.43 ng/ml, P > 0.1; PGE2:
MEM 0.47 0.06 ng/ml: MEM + nifedipine 0.44 0.05
ng/ml, P>0.1).
Discussion
We have demonstrated that AVP results in a marked increase
in prostaglandin production by homogeneous cultures of rat
glomerular epithelial cells. Stimulation of arachidonic acid
metabolism occurred at low concentrations of AVP (l0- M)
suggesting involvement of a ligand-receptor mechanism. The
selective antidiuretic peptide dDAVP, even at a concentration
1000 times higher than AVP, had no effect. Thus, glomerular
epithelial cells respond to pressor but not to the antidiuretic
activity of vasopressin. Of interest is the fact that AVP stimulat-
ed prostaglandin production in cells that had undergone more
than one generation but had no effect when tested on cells
immediately after trypsin treatment. Most likely the AVP
receptor was affected during the plating process (because of the
trypsin treatment) and that it took time for the receptor to
become expressed on the cell surface. Stimulation by melittin
and A-23 187 also was increased (from 5.9-to 24-fold and 6.7- to
26-fold, respectively) after the 3 additional days of culture.
Thus, we can not eliminate the possibility that some additional
biochemical events following ligand-receptor interaction also
were affected. It must be emphasized that the glomerular
epithelial cells used in this study were derived from a cloned
cell [101. Thus, it is unlikely that the AVP responsiveness was
the result of growth during the additional 3 days of a cell
subpopulation sensitive to AVP. It is possible that the glomeru-
lar epithelial cells are contaminated with a subpopulation of
cells, that is, fibroblasts, which multiply during the 3 additional
days of incubation, and it is these contaminating cells that
respond to AVP. Therefore, the glomerular epithelial cells were
plated at a confluent density and incubated for 3 additional
days. The glomerular epithelial cells do not grow at this density,
but any contaminating fibroblasts would have multiplied. Such
cell cultures did not respond to AVP.
The profile of arachidonic acid metabolism in the glomerular
epithelial cells has changed during continuous passaging. In
early passaged cells, 88% of the metabolites was PG!2. In late
passaged cells, the percentage of PG!2 varied from 55 to 70%.
This change in arachidonic acid metabolism with passage is not
unique to glomerular epithelial cells. We have observed this
with other cells in culture (Levine, unpublished observations).
The AVP-stimulated prostaglandin production was inhibited
by the voltage-dependent calcium channel antagonist, nifedi-
pine (Fig. 2). These data suggest that AVP stimulates prosta-
glandin synthesis, at least partially, by inducing an influx of
calcium into the cell. Ausiello and Zusman [ii] reported a
similar finding in cultured renomedullary interstitial cells, that
is, an absence of extracellular calcium or the calcium channel
antagonist verapamil inhibited both angiotensin II and AVP
induced prostaglandin synthesis. Nifedipine (60 LM) also can
alter vasopressin-stimulated cAMP generation by a mechanism
that does not affect calcium mobilization [12]. We cannot
exclude the possibility that nifedipine's inhibition of ADH-
stimulated 6-keto-PGF1, production is mediated by a non-
calcium mobilization mechanism.
We were unable to demonstrate any effect of angiotensin I!
on prostaglandin production by the glomerular epithelial cells.
In contrast, two groups [13, 14] reported that angiotensin I!
stimulates prostaglandin production by cultured rat glomerular
epithelial cells; the effect of AVP on these cells was not
reported. Different methodologies may explain these conflicting
results. Petrulis, Aikawa, and Dunn [13] and Sraer et al [14]
used explants of whole glomeruli after 6 to 9 days of growth and
identified these cells morphologically as glomerular epithelial
cells. The cells were not cloned (as were the cells used in this
study) and may have contained cells other than epithelial cells.
Alternatively, while the cells used in this study represent a
homogeneous population of glomerular epithelial cells they
were not primary cultures and may have lost their responsive-
ness to angiotensin II during repetitive passaging.
In summary, we have demonstrated that AVP induces prosta-
glandin production in a homogeneous population of rat glomer-
ular epithelial cells by a mechanism that appears to be calcium
dependent. It is possible that AVP-induced prostaglandin pro-
duction by glomerular epithelial cells plays a role in the control
of glomerular function. For example, recent evidence suggests
that AVP-induced prostaglandin production within the kidney is
important in counteracting the vasoconstrictor action of AVP
and may account for insensitivity of the renal vasculature to the
vasoactive effects of AVP [15]. However extrapolation of our in
vitro findings to the physiologic situation must obviously be
made with caution.
Acknowledgments
This work was supported by grants GM27256 and CA17309 from the
National Institutes of Health (NIH). Dr. L. Levine is an American
Cancer Society Research Professor of Biochemistry (Award PRP-21).
Dr. W. Lieberthal is from the Evans Memorial Department of Clinical
Research and Department of Medicine, University Hospital, Boston
University Medical Center, Boston, Massachusetts and is a recipient of
an NIH New Investigator Award, AM-3113. This report is Publication
No. 1476, Department of Biochemistry, Brandeis University, Waltham,
Massachusetts. The authors thank Dr. J. Kreisberg for the rat glomeru-
lar epithelial cells.
Reprint requests to Dr. L. Levine, Department of Biochemistry,
Brandeis University, Waltham, Massachusetts 02254, USA
References
1. HAS5ID A, KoNEIzKowsKI M, DUNN Mi: Prostaglandin synthesis
in isolated rat kidney glomeruli. Proc NatlAcad Sci USA 76:1155—
1159, 1979
2. FOLKERT VW, SCHLONDORFF D: Prostaglandin synthesis in isolat-
ed glomeruli. Prostaglandins 17:79—86, 1979
3. SRAER J, SRAER JD, CHANSEL D, Russo-MARIE F, KouzNETzovA
B, ARDAILLOU R: Prostaglandin synthesis by isolated rat renal
glomeruli. Mol Cell Endocrinol 16:29—37, 1979
4. AIKEN JW, VANE JR: Intrarenal prostaglandin release attenuates
the renal vasoconstrictor activity of angiotensin. J Pharmacol Exp
Ther 184:678—687, 1973
5. BAYLIs C, BRENNER BM: Modulation by prostaglandin synthesis
inhibitors of the action of exogenous angiotensin II on glomerular
ultrafiltration in the rat. Circ Res 43:889—898, 1978
6. ROSENTHAL A, PACE-ASCIAK C: Prostaglandin E2 potently opposes
the vasopressin induced constriction in the isolated perfused rat
kidney (abstract). Fed Proc 39:996, 1980
7. SCHOR N, IcHIKAwA I, BRENNER BM: Mechanism of action of
various hormones and vasoactive substances on glomerular ultrafil-
tration in the rat. Kidney mt 20:442—451, 1981
8. BEIERWALTER WH, SCHRYVER S, OLsoN PS, RAMERO JC: Interac-
tion of the prostaglandin and renin-angiotensin systems in isolated
glomeruli. Am J Physiol 239:F602—F608, 1980
770 Lieberthal and Levine
9. Hssrn A: Regulation of prostaglandin biosynthesis in cultured 13. PETRULIS AS, AIKAWA M, DUNN Mi: Prostaglandin and throm-
cells. Am J Physiol 243:C205—C21 1, 1982 boxane synthesis by rat glomerular epithelial cells. Kidney mt
10. KREISBERG ii, KARNOVSKY Mi, LEVINE L: Prostaglandin produc- 20:469—479, 1981
tion by homogeneous cultures of rat glomerular epithelial and 14. SRAER , FOIDART , CHANSEL D, MAHIEU P, KOUZNETZOVA B,
mesangial cells. Kidney mt 22:355—359, 1982 ARDAILLOU R: Prostaglandin synthesis by mesangial and epithelial11. AUSIELLO DA, ZUSMAN RM: Hormone-stimulated prostaglandin glomerular cultured cells. FEBS Lett 104:420—424, 1979
synthesis; calcium dependence (abstract). Kidney mt 21:257, 1982
12. LEVINE SD, LEVIN DN, SCHLONDORFF D: Calcium flow-indepen- 15. ICHIKAWA I, YARED A, K0N V: Role of angiotensin II and
dent actions of calcium channel blockers in toad urinary bladder. vasopressin in glomerular perfusion and filtration in acute ECF
Am J Physiol 244:C243—C249, 1983 depletion (abstract). C/in Res 31:43lA, 1983
